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PREFACE

This technical report was prepared by the Center for Information and
Numerical Data Analysis and Synthesis (CINDAS), Purdue University, West
Lafayette, Indiana, under the auspices of the Office of Standard Reference Data

of the National Bureau of Standards (NBS), Department of Commerce, Washington,
D.C.

This report represents the most exhaustive compilation and critical evalu-
ation of the recorded world knowledge on the electrical resistivity of sluminum
and manganese and is one of a series of technical reports on the electrical re-
sistivity of selected elements. The literature search and data compilation
have been dome in a most extensive and detailed manmer, making it possible for
all users of the subject to have access to the original data without having to
duplicate the laborious and costly process of literature search and dats ex- i
traction. Also, for the active researchers in the field, a detailed discussion
is presented for each material, reviewing the available data and informationm, i
giving details of data analysis and synthesis, and discussing the comsidera-

tions involved in arriving at the final recommended values.

It is hoped that this work will prove useful not only to the engineers and
scientists in the field but also to other engineering research and development
programs and for industrial applicntions. as it provides a wealth of knovledge

heretofore unknown or inaccessible to many. In particular, it is thought that

the critical evaluation, analysis and synthesis, and reference data genmeration
constitute a unique aspect of this work.

Although this report is primarily the result of financial support and
interest of the NBS Office of Standard Reference Data, the extemsive documen-
tary activity essential to this work was supported by the Defense Logistics
Agency of the Department of Defense. Thanks are due Dr. H. J. White, Jr., of
the NBS Office of Standard Reference Data for his guidance, cooperation, and
sympathetic understanding during the course of this work.
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ABSTRACT

This work compiles, reviews, and discusses the available data and informa-
tion on the electrical resistivity of aluminum and manganese and presents the
recommended values resulting from critical evaluation, correlation, analysis,
and synthesis of the available data and information. The recommended values
presented are uncorrected and also corrected for the thermal expansion of the
material and cover the temperature range from 1 K to above the melting point
into the molten state for aluminum and to 700 K for manganese. The estimated

uncertainties in most of the recommended values are about +2% to +5%.

Key Words: aluminum; manganese; conductivity; critical evaluation; data
analysis; data compilation; diia synthesis; electrical conductivity; electrical

resistivity; elements; metals; recommended valuves; resistivity.
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NOMENCLATURE

Constant in Eqs. (3b) and (8)
Impurity concentration
Constant in Eq. (3a)

Base of natural logarithm
Planck constant divided by 2n
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0
AL = L - Lo
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Residual resistivity ratio
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Constant in Eqs. (7) and (8)
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Debye temperature
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1. INTRODUCTION

The principal objective of this project was to exhaustively compile,
critically evaluate, analyze, and synthesize all the available data and infor-
mation on the electrical resistivity of a large number of selected elements and
to generate recommended values over a full range of temperature from 1 K to the
melting point and beyond. The results on the electrical resistivity of alumi-
num and manganese are presented in this work (for manganese the recommended
values cover the temperatures up to 700 K only), which is one in a series of
similar works on the electrical resistivity of selected elements, some pub-
lishedl_s. The comprehensive study oi the electrical resistivity of the ele-
ments at the Center for Information and Numerical Data Analysis and Synthesis
(CINDAS) has been a continustion of 2 similar extensive work on the thermal

conductivity of the elements‘.

The general bickground information on this work is givem in Section 2,
which includes a brief introduction to the theory of the electrical resistivity
of metals and a detailed explanation of the specifics and conventions used in

the presentation of the data and informationm.

The experimental data and information and the recommended values for the
electrical resistivity of the two elements are presented in Section 3. In the
discussion of the electrical resistivity of each element, individual pieces of
available data and information are reviewed, details of data analysis and syn-
thesis are given, the considerations involved in arriving at the final assess-
ment and recommendation are discussed, the recommended values and the experi-
mental data are compared, and the uncertainties in the recommended values are
stated., The recommended values uncorrected and corrected for the thermal ex-
pansion of the material are both presented in this section. The values cover
the temperature range from 1 K to above the melting point for aluminum and to

700 K for manganese.

The last three sections are for ackmowledgments, appendices, and refer-
ences. There are two appendices given., The first appendix presents a logical
organization of the methods for the measurement of electrical resistivity. The
methods are designated with respective code letters and the same code letters

are used in the ’'Method Used’ column of the Table of Measurement Information

for indicating the experimental methods used by the various suthors. The




second appendix presents conversion factors for the units of electrical resis-
tivity, which may be used to convert casily the electrical resistivity values
in the SI units given in this work to values in any of the several other units

listed.




2. GENERAL BACKGROUND

2.1. Theoretical Background

It was found experimentally by Hatthiessens’ﬁ

that the increase in the
electrical resistivity of a metal due to the presence of a small amount of
another metal in solid solution is independent of the temperature. According
to this Matthiessen’s rule, the total electrical resistivity of an impure metal
may therefore be separated into two additive contributions and written inm the

form

ple,T) = po(c) + pi(T) (1)

where Po is the residual resistivity caused by the scattering of electroms by
impurity atoms and lattice defects and is temperature-independent but dependent
on the impurity concentration, ¢, and Py is the temperature-dependent intrinsic
rosistivity arising from the scattering of electrons by lattice waves or

phonons.

In reality, however, deviations from Matthiessen’s rule do occur. Thus,

in general the eleotrical resistivity of an impure metal is given by

plc,T) = po(c) + pi(T) + ACe,T), (2)

where A is the deviation from the Matthiessen's rule.

The intrinsic electrical resistivity which is due to scattering of elec-

trons by phonons may be approximated by the Bloch-Grineisen for-ula7’8:

p, =
i e |6 0 (e%-1)2

$ 5 x
< [_IJ j 0p/T x9_ dx (3a)
R(R '

5 s x
Iol/TL’—-d‘ (3b)

0 (eX-1)2°
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where C is s constant characteristic of the metal and proportiomal to the

square of the electron-phonon interaction constant, N is the atomic weight, On

is a characteristic temperature of the metal which characterizes its iatriasic
electrical resistivity in the same way as the Debye temperature, OD' character—
izes its lattice specific heat, and A = CIIOR. The dimensionless variable of

integrstion x = hw/kT, where h is the Planck constant divided by 2x, w is the




phonon angular frequency, and k is the Boltzmann constant. The derivation of
Eq. (3) is based on the simplifying assumptions that the Fermi surface is
spherical, that the conduction electrons cam be treated as free in the first
approximation, that the spectrum of lattice vibrations is that of the Debye
model, that the phonon distribution is essentially undisturbed by the scatter-
ing processes, and that electron—phomon Umklapp processes can be ignored. Con-
sequently, it is perhaps most reasonable to expect the Bloch-Gruneisen formula
to agree with experiment in the case of monovalent motals. Nevertheless, the
intrinsic resistivity of many metals can be well represented by Eq. (3) over a

wide temperature range by a suitable choice of 8, and C, though no single val-

R
ues of OR can fit the data at all temperatures.

At low tomperatures (T ¢ on/zo). Eq. (3a) reduces to

p, = 2butc [X)°, 0
i (%
while at high temperatures (T > 0‘). to & good approximation, it reduces to
C T
p, x — |=|. (5)
i 4IOR [GRJ

Thos it agrees with the experimental facts that at very low temperatures the

intrinsic or ideal electrical resistivity (after subtracting Py from p) of most

motallic elements is proportional to Ts which is attributed to electron-phonon
intraband scattering, and at high temperatures the resistivity of most metals
increases approximately linmearly with temperature.

In separating the electrical resistivity into its components, the tem-
perature dependent part sometimes includes the electrical resistivity due to
eolectron—electron scattering, Py indeed, this is thought to be the dominant

temperature—dependent term in transition metals at low temperatures. That is,

P=pgtp,* "1‘“' (6)

As in the case of the scattering of electrons by phomons, electrom—
electron collisions are of two types: normal processes in which the total wave
vector is comserved, and Umklapp processes in which the total wave vectors be-
fore and after the collision differ by s reciprocal lattice vector. On the

other hand, unlike electron-phonon Umklapp processes which are frozen out at




low temperatures if the Fermi surface is everywhere clear of the zome boundary,
electron—-electron Umklapp processes are not frozen out at low temperatures.
Normal processes, iavolving the collision between two s-band conduction elec—
trons, do not contribute directly to the electrical resistivity because they do
not change the total momentum and thus have no effect on the current. Normal
processes involving the scattering of an s-band conduction electron by a mnon-
conducting d-band electronm do contribute to the electrical resistivity, and are
thought to be the dominant temperature—dependent resistive processes inm transi-
tion elements and their alloys at very low temperatures, since their resistivi-
ties show the T2 temperature dependence expected for electron—electron scatter—
ing rather than the Ts temperature dependence expected for the intrinsic resis—
tivity. This temperature dependence of the electrical resistivity due to
electron-electron scattering:

p = aT? (1)

comes about through the double application of the exclusion principle in the
scattering processes; it applies to both the initial states and final states.
In Eq. (7), a is s constant.

Umklapp processes between two conduction electrons do conmtribute to the
electrical resistivity. Because these processes involve a reciprocal lattice
vector, the wave functions of the electroms involved camnnot be regarded as
simple plane waves, but must be treated as true Bloch functions having the
periodicity of the lattice. The results of this are to introduce into the
oxpression for the resistivity the square of an interference factor. Appar—
ently this factor is quite small, as the low temperature electrical resistivity
of most ordinary metals does not show the T2 temperature dependence expected

for such a resistive mechanism.

Substituting Eqs. (7) and (3b) into Eq. (6) yields

s 5 x
p-po+a'rz+A[3t] IQR/T‘—:J‘; ) (8)
R 0 (e"-1)

Equation (8) has been used frequently in anslyzing the experimental data and in
generating the recommended values for the electrical resistivity at low temper-

atures.




2.2, Presentation of Dats and Information

In each of the subsections in Section 3, electrical resistivity data and

information for each element are presented in the following order:

(1) A discussion text,
(2) A table of recommended values,

(3) A figure presenting experimental data as a function of temperature in
a log-log scale (for manganese, due to the relatively small number of
data sets, this figure is not given),

(4) A figure presenting recommended values and selected experimental data
(on which the recommendations were based) as a function of temperature
in & log-log scale,

(5) A figure presenting recommended values and selected experimental data
(on which the recommendations were based) as a function of temperature
in a linear scale,

(6) A table giving measurement information on the experimental data pre-
sented in the figures, and

(7) A table of experimental data for all the data sets listed in item 6

above.

In the discussion text on the electrical resistivity of each element,
individual pieces of available data and information are reviewed, details of
data analysis and synthesis are given, the considerations involved in arriving
at the final assessment and recommendation are discussed, the recosmmended
values and the experimental data are compared, and the uncertainties of the

recommended values are stated.

The recommended values are for well-annealed high-purity and unoxidized
specimens of the respective elements; however, those values for low tempera-
tures are applicable only to the particular specimens having residual electri-

cal resistivities as given at 1 K in the tables.

The recommended values uncorrected and corrected for the thermal expansion
of the element are both given in the table. The uncorrected and corrected
values are related by the following equationmn:

(T)-[1+m

Lo ] puncorroctod

P (7), (9)

corrected

where AL = L - Lo snd L and Lo are the lengths of the specimen at any tempera-

ture T and at a reference temperature To. respectively. The thermal expansion

correction for aluminum amounts roughly to about ~0.5% to —0.9% at very low

o ey ———— -



temperatures, zero at room temperature, about 0.5% at 500 K, and about 1.6%
near the melting point of the element. For manganese, the correction is about

-0.3% at low temperature, zero st room temperature, and 0.8% at 500 K.

The recommended values in some cases are given with more significant fig-
ures than warranted, which is merely for tabular smoothness or for the conven-
ience of internal comparison, Hence, the number of significant figures given
in the table has no bearing on the degree of accuracy or uncertainty in the

values; the uncertainty in the values is always explicitly stated.

In the figures, a data set consisting of a single data point is denoted by
s number enclosed by a square, and a curve that connmects a set of two or more
data points is denoted by a ringed number. These data set numbers correspond
to those listed in the accompanying tables providing measurement information
and tabulsting numerical data for each of the data sets. When several sets of
data are too close together to be distibnguishable, some of the data sets,
though listed and tabulated in the tables, are omitted from the figure for the
sake of clarity. The data set numbers of those data sets omitted from the
figure are asterisked inm both tables providing the measurement information and
tabulating the experimental data.

The tables providing the measurement information comtainm for each set of
experimental data the following information: data set number, reference num-
ber, suthor(s), year of publication, experimental method used for the measure~
ment, temperature range covered by the data, name and specimen designation,
specimen composition, specification and characterization, and information on
messurement conditions, which are contained in the original paper. The experi-
mental methods used for the measurement of the electrical resistivity are indi-
cated in the column headed ’'Method Used’ in the table by the following code

letters:
A Direct-current potentiometer method
B Direct-current bridge method
C Alternating-current potentiometer method
D AC bridge method
K Direct heating method
) 4 Van der Paw method
R Rotating magnetic field method




-+ This symbol means either that the method described by the author is
not sufficient for assigning a specific code letter or that the use
of a code letter would not convey enough of the information reported
in the research document, and therefore the method used is described

L briefly in the last column of the table.

Details of these and other methods for the measurement of electrical resistiv-

ity may be found in the literature references given in Appendix 5.1, which

presents a complete scheme for the classification and organmization of the
methods.

In the tables tabulating the experimental data, all the original data
reported in different units have been converted to have the same vnits: the SI
units 10--8 2 m. The recommended values generated are also given in the same
units. Conversion factors for the units of electrical resistivity, which may
be used to convert the electrical resistivity values in the SI units given in

this work to values in other units, are given in Appendix §5.2.




3. ELECTRICAL RESISTIVITY DATA AND INFORMATION

3.1. Aluminum

There is a large body of data and information available on the electrical
resistivity of aluminum., This includes data not only on very pure bulk mater-
ial (indicated by a 5N purity, very large RRR of up to 46000, and very low

-12

residual resistivity, ., of the order of 10 2 m) but also on thin films as

P
0
well as on effects such as those of cold-work, quenching, anmealing, deforma-
tion, irradiation, and pressure. Over 190 data sets, mostly on the bulk mater-

ial as a function of temperature, are presented in this work.

The information on specimen characterization and on the measurement condi-~
tion for each of the data sets is given in Table 2. The data sets are tabu-
lated in Table 3 and shown partially in Fig. 1. Only those data sets used in

the recommendation procedure are shown in Figs. 2 and 3.

The work reported in the last several years (data sets 1-67) is concentra-
ted on the study of the low—temperature behavior of the electrical resistivity
and the origin of the so-called DMR (deviation from Matthiessen'’s rule). It
has been reported that various scatterers such as impurities, dislocations, and
surfaces (as in the size effect) can change the tomperature—dependent resistiv—
ity substantially and can produce large DMR. Many of the data sets reported in
Tables 2 and 3 can be rejected as the basis for estimation of the electrical
resistivity of pure aluminum because of the impurity conmteant, cold work, or in-
adequate annealing of the samples. Other data sets are for specimens subjected
to procedure intended to produce oxidized surface layers. MNost of the avail-
able data appears to be uncorrected for thermal expansion of the samples, al-
though this correction amounts to 1.6% near the melting point. Among the data
sets reported in Table 2, only the data of Cook et 11.22 (data set 69), Radenac
44 (data set 104), Wilkes>> (data set 115) and of Simmons and Bailuffi'®

(datas set 150) are explicitly stated to have been corrected for thermal expan-—

et al.

sion, and the opposite has been assumed in all other cases.

Deviations from Matthiessen's rule are quite significant in aluminum and
have been carefully studied. Ribot et 11.9 (data sets 1-21) concluded that
Matthiessen’s rule is obeyed below 4.2 K, However, their studies do not extend

sbove this temperature. Another complicating factor is the importance of

e o e -




surface scattering for the resistance at low temperatures of pure samples in
the form of foils or wires of diameter much less than 1 mm. This size-depend-
ent contribution to the measured resistance, which is about proportional to Tz,
is comparable to the temperature—dependent resistance at 2 K. Its role in the
reported low-tempersture behavior of electrical resistivity for aluminum has
been the subject of study and disagreement. It is attributed to a change in
the electron distribution near the surface and is reported by van der bass et
31.91 to depend only on the surface resistivity. Sample~dependent anomalies
complicate the study of the temperature dependence of the size effect below
4 K.

There has been an active interest in measuring and analyzing the bulk
resistivity of aluminum in the low-temperature range. Sambles ot 11.98 have
given an extensive list of effective single-power laws that have been used in
representing this resistivity over various temperature ranges below 60 K.
Generally speaking, the temperature dependent part of the resistivity drops
from Ts dependence above 20 K to a T2 dependence around 2 K, The careful stud-
ies of Ribot et al.’ (data sets 1-21), based on their measurements of aluminum
samples with BRRR up to 40600, yield a temperature dependent resistivity that
can be represented by ATz + BTS below 2.2 K, with the ‘l‘2 term dominant. This
form has been found to be useful by others over a considerably wider tempera-
ture range. The Tz-dependence around 2 K has been confirmed by Garland and
Van Burlingen13 (data sets 48-54), van Kempen ot 11.99. and Boysel et ‘1.100.
According to the elementary theory of electron-electron scattering in metals,
it would give rise to a T2 term in the resistivity, and the observed Tz-depend-
ence of the electrical resistivity in aluminum around 2 K is commonly attri-
buted to this scattering. The observed 'l‘2 term is, however, much larger than
that given by the simple theory of electron—electron scattering. A promising
elaboration of the theory has beenm suggested by uacDonaIJIOI. Other research~-
ers who deal with this subject are Nakamichi and Kinolo (data sets 22-28),
Babic et 11.18 (data sets 60,61), Aleksandrov and l)'yukov‘8 (data sets 139-
141), Senoussi and Campbel132 (data sets 85,86), and Refs. 104-108.

The recommended values for the electrical resistivity at low temperatures
are based on the data of Nakamichi and IinoIO (data sets 22-28) who studied
samples of such high purity that surface scattering of the carriers beocame »
significant factor in small wires or thim foils. Specifically, their values




11 )

for the resistivity of bulk aluminum (data set 28), derived by extrapolating
their results for thicker and thicker samples, were used as the basis for the
recommended values below 40 K. These are the representative values to be ex-
pected for bulk samples with Po of the order 10.12 2 m, or RRR approaching
27000. From 40 to 400 K, the recommended values follow closely the data of
Cook et 11.22 {(data set 69), Seth and Woods‘s (dats set 105), Wilkess3 (data
set 115) Moore et 31.60 (data set 125), and of Simmons and Balluffi74 (data set
150). From 400 K to the melting point, the recommended values are based on the
reasonably concordant (allowing for the different treatments of thermal expan-
28 (data set 79), Redenac et 11.44 (data set

104), and of Logunmov and Zverev48 (data set 109). It is worth nmoting that

sion) results of Kedves et al,

their data show a progressive increase in the electrical resistivity values
above the expected linearly extrapolated values above 700 K. This was attri-
buted by Simmons and Ballnffi74 to scattering by thermally generated point
defects of the type which add atomic sites (vacancy-type defects).

There are about 15 data sets available for the electrical resistivity of
sluminum in the liquid region. The temperature range covered by these data
sets is from 933 to 1973 K. Thers is a general agreement (+5%) between most of
the data sets. The roecommended values in the liquid region are based on these
data sets, giving weight to the data of Romanova and Persion35 (data set 89),
Levin et ll.‘o (data set 95), Powell et 11.63 (data set 130), Roll et 31.78
(data set 157), and of Matnyanass (data set 181).

e e

The recommended values for the electrical resistivity given in Table 1 and

shown in Figs. 2 and 3 are for well-annealed unoxidized aluminum of purity

99.99% or higher, but those below 40 K apply specifically to samples with Po =
1.00 x 10-12 Q m. The table gives both values uncorrected and corrected for
thermal expansion, while Figs. 2 and 3 show only the uncorrected recommended
values along with the experimental data which were used to generate these val-

ues. Thermal expansion values needed to carry out thermal expamsion correction

!
i
I
!
!
£
f
H

were taken from ref. 109, The uncertainty in the recommended values is estima-

ted to be within +1% below 400 K, +2% from 400 K up to the melting point, and
about #3% for the liquid.

As mentioned earlier, electrical resistivity measurements for aluminum
reported in the literature are not only for bulk material but also for aluminum

uander various physical as well as thermal conditions. Additional information
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is available in refs. 110-188. In the following paragraphs, an attempt is made

to sort the source documents to highlight important effects.

The electrical resistivity studies at low temperature of thin films is of
great interest to many researchers. The main purpose of the study appears to
study so-called ’size effect.’ Some of the works are cited above. The effect
of grain boundary scattering on the electrical resistivity was reported by
Bandyopadhyay and Pal189 and by Andrews et 11.190. Additional information onm

the thin films in general is reported in refs. 191-211.

Properties such as specific heat as well as electrical resistivity show a
progressive increase above the linearly extrapolated values at high tempera-
tures. As mentioned earlier, this increase is ascribed to scattering by ther-
mally generated point defects. Several semiempirical approaches to calculate
contribution to vacancy-type defects have been proposed by various investiga-
tors. In addition to the study of Simmons and Ballnffi74 reported here, the
readers are directed to refs, 212-230,

The lattice defects of solids induced at low temperature by irradiation
bave received considerable attention in the recent years. These studies are
reported in refs. 231-250. The effect of deformation on the electrical resis-
tivity is also an equally well investigated area. Interested resders may refer
to refs. 251-269 for information om the electrical resistivity of deformed
aluminum. Last but not least, magnetic field effects are reported in refs.
270-277, effects of heat treatment, quenching, and cold-working are given in
refs. 278-290, and effects of high pressure are discussed in refs. 291-296.
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TABLE 1. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY OF ALUMINUM®

(Temporature, T, K3 Eloctrical Resistivity, p, 1078 ¢ a]

T P T P
————8Bncorrected corrected -sncorrected corrected
1 0.000100 0.000100 700 7.350 7.322
2 0.000102 0.000102 800 8.700 8.614
4 0.000109 0.000109 900 10.18 10.005
7 0.000139 0.000140 933,52 10,74(s) 10,565(s) ,
10 0.000193 0.000192 933,52 24.77(2) x
15 0.000346 0.000345 1000 25.88 '
20 0.000755 0.000748 1100 27.46 ;
25 0.00187 0.00186 1200 28.95 ;
30 0.00453 0.00451 1300 30.38 :
40 0.0181 0.0180 1400 31.77
50 0.0478 0.0476 1500 33.11 ‘
60 0.0959 0.0955 1600 34.40 !
70 0.1624 0.1618 1700 35,69 '
80 0.245 0.2439 1800 36.93
90 0.339 0.338 1900 38.18 |
100 0.442 0.440 2000 39.34 i
150 1.006 1.003
200 1.587 1.584
250 2.157 2.155
273 2.417 2.417
293 2.650 2.650 ]
300 2,733 2.733 ’
400 3.866 3.875 !
500 4.995 5.020 ;
600 6.130 6.122 .

2The values are for well-annesled aluminum of purity 99.99% or higher, but
those below 40 K apply specifically to ssmples with pg = 1,00 x 10712 g o,
The columns headed uncorrected and corrected refer to values uncorrected and
corrected for thermal expamsion, respectively. Solid line separating tabular
values indicates solid to liquid state transformation.
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3.2. Manganese

There are 16 references available reporting temperature dependence of the
electrical resistivity from 1 to 1873 K. However, the data are highly contra-
dictory, and in several cases disagree both qualitatively and quantitatively.
Further careful measurements on purer samples covering the entire temperature
range, especially above 300 K and below 20 K, are required and strongly recom-
mended. The information on specimen characterization and on measurement condi-
tion for each of the data sets is given in Table 5. The data sets are tabu-

lated in Table 6 and partially shown in Figs. 4 and 5.

Electrical resistivity &ata on polycrystalline manganese reported earlier
are much higher than those reported recently. These differences may be possi-
bly due to the low purity and insufficient heat treatment of the manganese
302 demonstrated that the

8 0 mto 144.2 x

samples studied earlier. Meaden and Pelloux-Gervais
room-temperature electrical resistivity dropped from 205 x 10
10-8 O m after annealing the specimen at 898 K.

306 (data set 14), and White and

(data set 15), have reported T2 dependence of the temperature-depend-
300

Meaden3°3 (data set 10), Bellou and Coles
'oods307
ent resistivity (pi) below 17 K. This was confirmed by Nagasawa and Senba
(data set 4) and by Murayama and Nagasawaalo (data set 19). The recommended
values from 20-325 K are based on the generally agreed upon data of Nagasawa
300 (data set 4), Meaden and Pellonx-Gervnisaoz, (data set 12), Bellou

and Colcssos (data set 14), and of White and Wood3301 (data set 16). The rec-

and Senba

ommended values below 20 K for Po ™ 6.9 x 10-8 ) m are based on the data of

Meuden303 (data set 10) and Meaden and Pelloux-Gervnisso4 (data set 12).

An appreciable spin-disorder contribution is indicated by large resistiv-
ity values. It appears that the spin-disorder contribution genmerally present
at higher temperatures still remains at liquid helium temperatures. The tem-
perature dependent resistivity (pi) falls linearly and slowly with temperature
below 325 K. It goes through a minimum at about 94 K, and then remains practi-
cally constant for 4 to 5 degrees before increasing to a weak maximum at 70 K,
Below this temperature, Py drops very rapidly, finmally becoming proportional to
T below 17 K.

39
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Alpha-)Mn is a stable phase below 980 K and has a complex cubic (Al2)
crystal structure with 58 atoms in the unit cell., At 980 K, a-Mn transforms to
p-Mn which has a complex cubic structure (A13) with 20 atoms in the umit cell.
It is possible to retain the f phase at room temperature by rapid quenching

from 980-1300 K. Brunke311 obtained a value of 91 x 10_8 2 m for the electri-
cal resistivity of p-Mn. Potter et 11.312 and Erfling313 have reported about
40 x 10—8 8 m for the room~temperature electrical resistivity of fct y-Mn.

High-temperature §-Mn with a bcc structure is stable between 1411 and 1519 K.

There are only two data sources available in the temperature range 325-
1519 K. Grube and Speidel"08 (data set 17) reported that the resistivity of

manganese increases slowly with increasing temperature from 325 to 980 K and

301

then decreases sharply from 980 to 1519 K. However, Akshentsev et al. (data

sets 5,6) reported that the electrical resistivity rises sharply between 800-
980 K, then slowly from 980 to 1300 K followed by a slow decrease from 1300 to

1400 X and then further increases. The reliability of these results is ques-

tionable. Room-temperature electrical resistivity of Grube and Speide1308

(data set 17) is twice as much as the recommended value, and indicates a high

8

impurity in their sample. The value of 38 x 10 ° O m at 800 K for the electri-

30 (data set 5) is far lower than

the recommended room—temperature value of 144 x 1().8 0 m. Therefore, these

cal resistivity reported by Akshentsev et al.

data are rejected. The recommended values from 325 to 700 K are obtained by
extrapolating the low-temperature data.

The published work on the electrical resistivity of molten manganese is

30

equally contradictory. For instaace, Akshentsev et al. (data set 6) re-

ported an increase in the resistivity with temperature, contrary to the results
of Levin et 11.298 (data set 2) and of Vostryakov et n1.3°5 (data set 13) who
roported a decrease in the resistivity with temperature. On the other hand,

Grube and Speidelso8 (data set 17) reported a constant value of 40 x 10-8 0m
from 1523 to 1543 K. Summarizing this, the electrical resistivity at the melt-
ing point varies from 40 to 190 x 10“8 Q m, Therefore, the available data and
information at and above melting point cannot be used for meaningful data anal-
ysis. Consequently, no recommendations were made for the electrical resistiv-

ity of manganese in the melting region.

The recommended velues of the electrical resistivity given in Table 3 and

shown in Figs. 4 and S along with the experimental data are for manganese of

e




purity 99.99% or higher, but those below room temperature are applicable
specifically to manganese with Po = 6.90 10.8 Q@ m. The table gives both
values uncorrected and corrected for thermal expansion, while the figure shows
only the uncorrected values. The thermal expansion values needed for such cor-
rection are taken from ref. 314. The uncertainty in the recommended values is
estimated to be within #10% from 7 to 100 K and above 300 K, and +5% below 7 K
and from 100 to 300 K.

The effect of a magnetic field on the resistivity of manganese at low
temperature is relatively small compared with that for pure copper. Headen303
found that a magnetic field of 18.5 kOe increases the resistivity by 10.5% at
4.2 K, 9% at 5.4 K, 8 at 5.9 K, and 0.2% at 77 K. Murayama and Nagasavaslo
(data set 19) studied temperature and magnetic field dependence of the resis-
tivity of polycrystalline a-Mn and observed that the anomalously large coeffi-
cient of T2 term in the low temperature resistivity decreased appreciably for
an increase in the applied field, suggesting the suppression of spin fluctua-
tions in the antiferromagnetic a-Mn by the high applied field. Those readers
seeking additional information on the effect of magnetic field on the electri-

cal resistivity of manganese are directed to refs. 315-341.

Adanu and th!810297 {data set 1) studied the temperature dependence of
the electrical resistivity of a thin manganese film. For a film of thickness
4000 A formed on & thin glass substrate, they found that the resistivity de-
creased linearly as the t-mperature was reduced from room~temperature, then
passed through s minimum at ~120 K and a maximum at ~70 K, followed by a sharp
drop before going through another minimum at 22 K. These features of the re-
sistivity of thin films, with the exception of the minimum at ~22 K, are quali-
tatively similar to those reported for bulk specimens reported by Meaden and
302 (data set 12) and by White and 'ood3307 (data sets 15,16).
Additional information/data on films are reported in refs. 342-350. The pres-

Pelloux-Gervais

sure dependence of the electrical resistivity is reported in refs. 352-355.




[Temperature, T, K; Electrical Resistivity, p, 10~8 9 m)

TABLE 4. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY OF MANGANESE®

T p T P
uncorrected corrected uncorrected corrected

0 6.90 6.88 94 131.9 131.4
1 7.02 7.00 100 132.5 132.1
4 8.82 8.79 150 136.3 135.9
7 12.78 12.74 200 139.4 139.1
10 18.90 18.84 250 142.0 141.9
15 33.9 33.8 273 143.1 143.0
20 53.8 53.6 293 144.0 144.0
25 75.8 15.6 300 144.2 144.2
30 93.7 93 .4 350 145.9 146.1
40 116.0 115.6 400 147.3 147.7
50 126.5 126.1 500 149.4 150.1
60 131.2 130.7 600 150.9 152.1
70 133.0 132.5 700 151.9 153.6
80 132.5 132.0

90 132 131.5

respectively.

%The values are for well-annealed manganese of purity 99.99% or higher, but
those below room temperature are applicable specifically to manganese having a
residual resistivity of 6.90 x 10~
corrected refer to values uncorrected and corrected for thermal expansion,

The columns headed uncorrected and

RS g T T




b 3uNoi4 M 3UNIVY3ANAL SVONID
Sv £ 2 o 8 96 v ¢ 2 008 96 b € 2 08 96 ¢ € 2 '

@::_ T 1T QTT1 T 1 [ 171 1

L wose -3 g6 NL

_ qr
3 611 ¥ 4

% o9g1 4-6) J
it €44

J3ONINWO00O3Y

= UN 3JS3NVONVIN

- 40 ALIAILSIS3Y TwORLO33 m
b
|¢

B ~ g
b

| | 3
9
<
3

— |1 Anpoyoeds egooyddo ) ce2 Mojeq ) .a.
us
3

@/ s\_@_ !
= # I I
a \ (WY 01X 069 =9 o)

®

|
_
)




44

[ 3 k) N * 3UNIVH3INIL SYONID
0002 0061 008l 0Ol 009 ©0OS! OOpl OOEl 0021 OQON 000K 006 O0B OOL 009 0O OOy OOE 002 OO O

denl] | G e ] “

—d e —m [ —_— —

/.

g

-
A

:

| |
| LR

(WU 01X NOE9e ¥ x4
Ajiooytoeds 91qoonddo % £62 MoRq )
Q3AN3NN0I3Y

g

W T O ALALSIS3N WORLO3TI

g

§

YN 3ISINVONVIN
40 ALIALLSISY “WORLO3T13

B I — i - 00k

e e




*d 868 3% 3y [ 303 1103 _Of X g-T WNOmA
uy pateeuuw puw IOH INTIP Ul PayYdId Suyeq 1333e uemydads i0j aaw
sysayjusawd uy usals sanyewa ay3 {£33and unowmpun Jo KeyjIwR-uosuyor

*3an8y3] Uy UAOYS 0Ny

°d ‘STRAID-XNOTTId

£q payyddns aseusBuss 2731410232278 1de0X0 3A0Q® ay) 03 ISTTE}S 00t zy v L9671 pos °L°D ‘aspeay 206 »6
!
M '
‘A 868 I® 1y { 30) 3103  OF X §-1
=nnasA Ul PATEUUT puw [JH FIRTIP GF PAYIIS Bupaq ie3je susmjosds
303 1w syssyjusiwd Uy UsAFS sanywa eyl {£373nd uaouzon jo LiauTyddd *d ‘sIRAISH-XNOTTIRg
£q peyrddns ssauvSuwe 033£70233813 3deIXS $AOQR ey} 03 ISTISIS 00€ v 1961 Puv 1" ‘uepweyl 70t @
‘S $68 3% 1y { 103 2103 . QO] X g-T WARDEA Ul payvemur
pus [JH OINTIP Ul Payd31a Suteq 1831)w usEjdade 103 eixv syseyusied
Y3 U senyea sy3 !mm gg-07 ¥ wm 9-¢ spadjdoyarreaed asynduwidea
o3u} uogsois Yawde £q pedsys sisa satdmee Jersivyd fem | Jnoqe jo
s8auydIY) WIOJIUN Jo saywlj padeys AraeinSaiay (n) udd 7> ‘yg wdd 7 °d ‘IITAISH-XNOTTNG
‘Si wdd o7 !e93203930qT IYSPT YOOA WOIJ UK ITILTO1IdeTe UK $66°66 00€-(8°1 v 1961 pus °1°9 ‘uepway WE sl
e 38 .
*juswtaadxs Suyy002 103 wIwp 1dadxe saoqe sv sweg SLLT-TT6 b} 6961 fep'ny ‘assjusqsyy T0€ 9
*juswyiedxe Sugywsy Jo0j sinfij
w013 pe3dwaIne MWp tPujitem Butanp IS £q PeSPeIVT Wy Jo LITATIeTS *A*d ‘PT9D
-81 !IvII0I9W WSS 343 }O SPIT POIIT] ATESOTD ITA €FTQIINID pIXO pus ‘°y'g ‘sneg
snujsnie Sujen WNTIY Ul Sjusmeinsvem !pejIfem WondmA #TdFl) tUN 66°66 €6L1-L6L | 6961 ¢epenx ‘asmusysyy T0€ ¢
‘qdea$ woaj pe3dwiIXs WIPP {Jus TERINI IVTIEI[S
03 pasidasl Juai1ind {eTduws JO PRIV [FUOTIINE-08012 Sujurmielep uj
Auye3iescun ey3 JO SeNWIeq SenTeA AITAFISISeI 03 pouSisse JQT InOqe
3o Ljurwiasonn {260°0 INOQER AT SILIWLINSWIW SUPISTSII JO LOwaNddw ‘N ‘squeg
fUOTIVPERO IVFING SACEE1 03 SOMH UF PONIIP 01BA seRP(] (WM 66°66 -0 82-€ A Si61 puv ‘R ‘sassefey 00t ¢
‘SR ‘oyuerqoy
*393sm033usiod SIGUFPI0OD oA (2InTT) WOZ} PEIIWAIXS ®IRP lwy §°66 -0 10€~S¢ v 9L6T puw 3y ‘oquetdaimg 662 ¢
*Y. POIIAR 30U PEP 10138 SILIMSINGVSE !POYIIE
SuINPTTION0 [PNOTSI0) {pleT] IFIsulem SUFATOARI ® W} poyiem ssel *A*d ‘P19
~3093U00 YIFA SUIESINEVEE {sjusujiedxe Bujyood puv Sujjwey jo eSwisas pue *°g°A ‘asfvivawz
t=nnowa ® ul POTTIISIP IF3AT0a3deTe peiTamsa {essurSusm pInby €L8T-€2ST * 9161 ¢:g°3 ‘utam 86z 2
*su0TIENIONT] wide OINT USAJIP SWOIW [WISASS 0} POINQIAIIT ST B [y
2-01 X OZT Inoqe jo enyea 38297 Lasa teanSy) wo1) pwez wmawp 'y 000 OF
uy3j 3o MOTYI ¢ aquey ®01] Sujacwe2 ®1038q eafjeisdue)
80031 03 00D 03 POAOTI® #1sA sw}] {31103 9-01 In0qe sea sanseead
SuIwod 1IN0 POFIIND SBA WOTINIOERAS YITYA IT sanIvxadEel °Y (9 ©3
patoo0d usy) IqEEYD JO no} Suyanp ¥ €Ly O1 PeIvey seqvaasqne
{pousa]d pur 836 03 IND ‘sajvijeqns seell uly) 0300 depaod ul joO
votIviodwas TEmINY) £q peiwdeid sisA smT}} {31904 WnuSpqLiom peuwe]?d
A1snojasid ® ojuj pepeoy Sujeq s1039q L(eyvipemw} punoiS pus pejap
{UOTITUTERINGD PUS UOTISPIX0 IOVJANE SACESI 03 TOUBYISE UF DN XS UT *9°q'v ‘eyeswiy
pouvaTd 1ra1I0I10qE] BT YO0 WOIJ SeYPT] JFILT01IMYe (WY §6°66 (®)T1xx8 L8701 d 8L61 pue 9°y ‘nuepy N T N ¢
uojIealieeq ' . ‘oN
$313uaY puUR SGOFIWIFIFIadg ‘(Jusdaad IyTyen) uopiysodmo) cewydedg u. &“”l- pesn ELD) (s)aoy3ny . A s
PoyIay 3ou
pue smwy wIvg
L] ISANVONVH 40 ALIAILSISAY IVOIMLOATE IRL RO NOILVWHOANI INZHAWASVAR ‘S 214VL




*% €LZ I AITATaIsieal TWITIIDN[S 20j w g . OT X O°T6 puv sanIea
142370 pa110de mO3) PIIRINITEI SINTEA {puncl$ a1aa Sadvjins pud

puw 1ejsusip Wm ¢o, puw Suoyl Wm g, ofdmes 3dsdxd uIATS sTIRIaP o u-g cLz-8t - sE61 - ‘ussmappey 60€ o1
h ‘g%ual me Sy pus NP Wm g uamidads (eIfapuilhd 1TV ‘M *Tepreds
pus ‘) ‘nO 3o YT00°0> °*¥S PuUs 31 L100°0-10°0 1UW PATTTISIP WAn3wy (341 8a 174 L 0v61 pus 5 ‘aqnid  9OL 41

‘8 13,01 % 9°91=20 £3jajisiasa

[enpysea iy 05 moyaq ATpydea sTej pus ) Q0T 3%au WNEUIE ACTIEYS

® 831qFyxe v3ep tainS)j WOl PeIdRIIXD EIEP {(UN jO IPYI 03 £37and
491y ayquaedmod JO SBA [RJIAINE BIYI IWYI PIAIYS syekysur d3ydeisory

-2ade !uaBoipiy Peqiospe 24061 O} RINOY IWOW 103 ) £/§ I® EANIBA U} ‘g'g ‘spoon
patvanus {-ou] Lwyown °q ‘v £q pajiddes [eyiajem moij D sawydads Ul $62-9 v L1561 pus “A°9 ‘SITuM Lot k14
*s30yIne &q peilodaz w c-L:nn.u-oc Suyen
A7Teoydeas pajuseaidai saniea Td wWoij peIsTnI[ed BINP tuswyosds
payrauus {£3jandwy pyros 1ofss se 9 Jo wdd o7 YIpa usmydeds L3pand *g°g ‘spoon
Y81y (Z6L6T WI) 'PI1 LI0TIWN puv Lay3IsR uosuyo[ ‘S ®o1j usw}Iadg [ [1'74a'4 v £S61 por °3°9 ‘a3uA 119 st

*8ioy3INE IY) JO sAnYEA
yioows ATyeajydeas ayj moij peIowaIxs ISP . T3 S€ SF anyviadua)
1990 paalesqo tesausSuwe end 105 w g , 07 X 0CT=3" g-#9¢0 Sujensse
4q £37A7281923 03 Pa33aau0d SEA SIURISTEII PEINsEIE 118330 djuoe
—w33T0 U YIJA (W= T X WE [ X WD ¢n) Gadwys 2[qEIINS 0V} Sug3ied

1833 )} €/ 199U PIATWIUUR EANIBA tesausBusm 313470230378 Loyl ‘gg ‘seto)
uosTOr JO $YDINQ JUSIBJJIP W03} UYWL UN G6'66 SuITIIds ol €677 v €961 pus ‘A°N ‘oBIIeE 90¢ 1

‘¥'0 ‘wyea

pus ‘Y Nl ‘BIToIWA

*assustuse 3§14702393TH £L8T-£497 - v961 Sry'v ‘aoymdazeon <0 €1

. +sjuawpiedxs Sujj00d puw Sujieay jo a8

-19aW 1 0@ 9A0q® YT PEsdXa 100 PP WIBP LIFATISTEIL ITA peIRoosee
loize !y 7 woa1j SupIwfodwaixa £q paVFRIqO SEA X O I £37A338FR01 Ay
3 868 3% 24 { 30j 2303 , 0T = § 03 ,_0[ JO WANOEA ® 13pun patwau
-ue sisA susmjdeds sy3 (@B C6°yZ X 26°Yy X $96°0 uOFsuam}p usmydeda

243 {°p31 ®sejacIvioqe] ST Yooy £q pagyddne swa usmpdads apwm *d ‘uIvaiNn-xXhOTINd
A1geapakroa3deye sy3 In) wdd 1> *3s mdd 7 ‘S mdd oz fuH $66°66 stc-0 v $96T puw °31°D ‘uspesl  w0€  ZT
*(3x93) a1qUl WOiJ PeIINIIXD ¥IEP 1dedXs IAOQY ST SmES 0L-91 v 9961 *1°9 ‘uepusy ot 1

+3x93 UY usATS sen[ea 2808 YITA #319¥ 300 Op YIFYA aandy)
w03} PRl SOR(PA im Q3 ¢-O1 ¥ (8°9 81 ¥ T moi] g pajerodwaiza ) @68
I® 1y ¢ 30] mandsA 3103 , O U PITEIUUY {[JU BINTEP UF ©OTIINPII £q
PIAOESI SPA UOTIPUFERILCD 30831ns ing wdd T ‘3g wdd 7 ‘SR wdd Qp ov

gons sajajandmy ¢°p3l weji03wioqe] ST Yd0x £q pagyddes U C66°66 8Y6-6'1 v 9961 “1'9 ‘uspwen o€ O1
woj Jsuljeed . con

syIvesy puv su0}INVFJFIeds *(Iuad1ad yBTaa) uojijsodme) uas]oadg A ”nl: voua ame} (®)a0qIny . o pT

puv owey L POYINY Piy | savg

(penugjuod) uy ASANVONVH JO ALIALIISISEM TVOIMIOZTE FHL NO NOILVWYOANI INIMIUNSVIK °S dT1UVL

|

TCN A Yald




47

*8an8Y) WY waoys 3o,

*aouvIsyesiojsulve esisa

-suwal pus FeurpnItiucy a0y ¢ Ul sJusmsinswem toydmes Supanp ursaye
OAONIZ 03 Y §Z 203 3,009 I® PUP uR-0 sand UFEIQ0 O3 Y gy 103 D,529 ‘A ‘onuseliey
3% pITeSUUR iy 198 ®ISP U] Peliodal FUO ) 9 swes uewpoeds luy eang W0 ST Y-LT1'T v LL6T pes °g ‘sunbeing  orc 61
uoTIvaliseq . ‘o
S1Ivesy pus SUCTIIFFIO9dg *(Fusdiad IyITEA) UCFIFeOdNO) weazoeds A tetury PORl e (9) aoxany S s
pun wmwy dma1 PoyIsH M g

(panujjuod) uy @SANVONVN 40 ALIATISISHY TVOIWIONTH FHL NO NOLLVIMOINI INIMHNASVAN °S VL




*ainl] ] wAO(S 0y,

62°28  6°'TIE (Z°yyr)S02 00€ (4148 €901 el 't [ 14 0°zé
¥9°1L 9°92 (891)50Z 00t ¥°802 €6Lt S 8T 1501 €°9¢t 1°L8 1°602 L°68
0S°9¢ 6°2L (6¥1)0%12 00¢ *°902 (474 ¢ T1°9€1 $Y01 TULET 8'es 9792 8°ce
gL€e ¥y 8°Y0Z (1739 9°TET €101 [ A1y L] (103 ¢4 o8
8L 9y [l 4 sl 138 ViVa ¥°661 9¢91 £°621 6101 0°8tl el [ M )t4 9°SL
SY° 1y st 6°861 €591 T°EeT 966 0°8t1 €°oL
1€°9¢ [ 944 14 SUI L L61 (1] ¢ L6zt 966 [Aix e $°c9 € 138 viva
L18°2€ 1°91 Yoz 9T 9°€61 2191 [ 14 (91 TeLen 8°9¢
15°0¢ [ 451 €0z LT L°961 1661 6°0z1 966 9°ceT 0°0S Ty €8y
(19414 [ 38 A 002 oLl 9°061 £9¢T ¥y Iz 8.6 6°CEY £°sy 14} 11} ¢
64°92 [ M8 00z [11)¢ 9°061 Lyt [ 2444 196 721 6°vYy [1) [ 2414
1€°92 €21 161 "ol 6°SLT 1261 1°611 sL6 (1274 6°6€ Ty (9
€Tzt T z61 651 [ 73§ 8691 [ 21141 8s6 $°621 86t cy (Y744
€20z 9°11 <61 9L€1 8- Ut 61¢T [ 38 144 56 1L 9t [3) €9L1 o
et T o1 T6t 05$1 T ut 9041 it 196 €601 0°€t 144 €z v
(2 M3 $2°6 897 0581 €991 1991 8°901 96 9°26 8L [1) 801 ks
(984§ 9L f41 9 [[31¢ L9 Sivt € €01 86 €°68 LM 14 <y €9t %
96°11 L] [ 138 0€sT v°691 6991 6°€t6 111 'y [ /4 9 €z91 N
[248 ¢ 059 (13§ 91¢T 6°$91 [41 48 6°68 1171 [ 9443 6°0Z sy €091
89°01 £0°9 (73 6891 0°L91 (14 2 t°s9 €98 Lot 8oz Ly [¥2Y 4
[S91) ¢ ys 691 L0ST 0°091 (1449 6°¢€ L6¢ 9°09 Lot Ly (1.3
€Ls 61°S 991 o<t 8°9s1 (174 ¢ *is €L (34 (2494
z0°6 11 0 ] oLt L4344 €ISt [111]4 S 1IS VIva 9°yy 6°€T
1£°8 $9°¢ 691 "ol €t SOyT €1y [ M9 T 13s Viva
L] €€ L£14 "l 6°8€T [+ 719 8°7s1 982 t°9t 01
"L T0°T 124 m v {344 0°25T [ A4 4 1 92t y°o1 1518 8°982
e 06°1 [31)] 88L1 8°8€l 60€T €°ost [ 9114 [ 38 (9 L's (1 8°052
Y1 6LET I 60LT €ost L7082 1°92 98 128 6°L61
o7 1is viva til¢ [ 714 ¢ L' €oey TI6T 0°¥9Z 0°1Z 69 (124 9°0st
[+1) o€t L 1621 $°6%1 9°0%7 61 TS 1) L9831
(0°sT) Ty [ 133 "1 9° 991 6421 $6y1 -8zt 891 (34 4 L c-ott
(ss1)ESZ 00t (112} (149 ¢ T°0%1 12144 L°8%1 [ 3¢4 m L° 9
(091)062 00¢ ”l 00€T 8-St 1921 L°8%1 T°S0T ¥ 138 viva ;18 T sot
. 143 g98z1 [ 121 "1 081 0°061 95T 8°9¢L
»6 138 Viva (41} 1414} 0°1ST [174¢ 1w € €81 [ M 144 1°10€ 91 tu
91 6021 6°€ST (11444 Tt 8°691 9°222 L8z o<t e
{(sen)oze 00¢ (144 €811 05t 6071 [ 3118 8°Zyl 0°27 892 (111 fad ¢}
(6419111 00¢ (124 6£1T ° 081 %611 8 eyl 8 LLT yoize 6°082 £41 4 1%
"wi i 9°8Y1 [$214¢ 0°EYT L°ze1 612 0°T€Z (114 'y
»@ 138 Viva 9T 9801 T°¢9 £S7Y T €°621 LIz 0°¢0Z (1% ¢ TSt
(134 8z01 € ey [244¢ 1z 9zt [Ar414 9°1¢T oty 8°9T
(€°1) (1) el o101 1 6011 S 0T S LIT 8°60Z ¥ 621 [ 119 o't
(1°6) Ty (431 8L6 L°6€Y 9801 [ 9114 1°601 6°L0T ¥°801 [ 149 [ 44 18
(z'11) Ty (141 8S6 6°LET 0801 L°6ET L°50T 1°902 9°z01 (141 LMl )
(L°€1) [4d ] %6 16 T1°6€1 €901 0°8¢T 6°86 1°907 L°96 t<44 9°01
»{*3u05) { 138 Viva 9 1as viva (*3905) ¢ 135 viva ("¥09) ¢ 14s vivd (*3905) ¢ 1as vivg T 138 viwa !
d 1 d 1 d 1 d 1 d i d 3

(LE] ) ‘d *LITajIsTany TEIT2IITT i ‘L ‘eanmymaadesl)

" ASANVONVN J0 ALIALISISEM TVOIMLOATA WKL NO VIVA TVINIRINEAXZ °9 21189Vl




49

“eanly;) G} wmoys 30N,

91 982 12834 148
v 8L 9s°L [34%1¢ 682 €191 " o'l (154
v2°8z 1 89°ssT 982 9 ULt 79 (1)1 (18424
'8z 6°1 L 11 997 891 € € 1194
sz oLy yosT 662 PR 28 6T (313 00Z
LLIS TN ¥ A | 6°9y1 11z €L 61 "© 05T
118 14 -t (312 14} 1L°08 St € 26T 001
L2121 1) 4 e 3 6°TET %
»6T 13S Viva 8 9y 621 yez 6 P73 06
A} ¢ €zt 11z 16 [3f 411 (]
0°16 (12 5091 811 €z 0°8 (13 ¢ oL
1°18 L°v61 9°291 (] 44 9°12 t zet 09
v6°6Z (188} £°89 1°06 8°6ET yIt 9°0Z Tt (141 o5
58°62 €0y $°99 8L TU6ET (114 6°91 (33 141 13
€L°67 £6°¢ - T°8£1 €01 1 Ty z6 ot
19°62 €9°¢ 81 13as viva L8€T 86 A0 €€ *$ oz
$¥9°6Z 9L € 9°LET 6 9°2% 1°z 61 ot
$S°62 19°€ oy €961 v 5ET €6 i €z 6
6%°62 09°¢ oy (¥ezst 9°L€T 16 0°Z1 0°z 69 0
6€°62 {411 99  (®)ezst (419 ¢ 98
6€°62 TN 89 <891 (31} (1] €T a8 viva TV 135 viva
£E°62 (1] 4 69 [$12¢ 6°6€T e :
Lz 62 9 € 69 (9)€zyT €8T [13 € zst 1°€62 ocet oL
12°62 e st (Ryezyt 1191 43 9°0ST  ¥°1L2 S TET €9
12°62 0z°¢ 9L €0Y1 ¥ 6€T 69 6°9YT  Sga2 0°8zt oS
-6z € 8L €9LT 9°091 6$ 9°991 vyz 041 oy
60°62 90°€ o8 (A)eser 0°6€% €S T°€YT  v°002 0°26 ot
90°62 00°¢ €01 (9)ever L°9¢T 6y 7°0%T  O0°wlV 0°yS oz
00°62 L6°2 %01 [ 124 4 €921 6€ 8°9¢€1 6°991 0°8t 91 I
00°67 68°7 LoT 80E1 1°2t1 9€ g zet FAl 74 ¢
16°82 €8°2 (148 1241 Z°911 € 0°LIT  9°001 IT 135 viva
88°82 08°z vET EETT 1°501 [ 14 £°6ZT  0°L8
88°82 'z 0sT 8901 8°t6 9z L1°y21 1 & 7 el T°8%¢C
z9°82 €9°2 8st 8201 9°t8 €2 0°gZT  0°¢9 T°8€1 [ 4149
6L°8T 65°7 y9T  (9)s101 8L 61 £°0ZT  0°s¢ T°8€1 8°€92
9.°82 €S°C €0€  (0)ETOT T 14 1°911 2°6y 9°sCt "1
9L°82 8z SOt €001 9°zS 9 S TIT  s°Cy T°€€T €91 1
€Let (X241 Lo¢ €L6 8-Sy €T I3 [/ 9°0¢Ct (3131 1
19°82 8€°Z 80€ €66 1y (11 6°ce [3f'%] 9°0CT 1°601
19°82 8272 L0¢ €06 €€ Tt 9°0S 0°91 9°0€1 9°'86
95°92 e €0t €08 0°S€ 1t 70y L€ 9°0€1 6°98
T5°82 1z 862 €L Tz o1 v 9°y 9°0€1 Ly
8y 82 10°2 v62 €59 y'6Z ] 0°€2 €2 9°0€1 'y
6y°82 16°1 982 €SS 1L L €821 T8
Ty 8L €6°1 414 €8y 6°92 L YT 1as viva (3R 24 S Ly
9€ 82 08°'1 L7144 €Ty 9°TT 9 T°cut T°Sy
0€°82 sy 992 €S¢ €0z 4 i cL8t €01 6°9¢
0€°82 99°1 092 €62 z°61 vo 0z1 €91 116 (2 1+
»(*3u03) 61 128 viva (T 135 vivd 97 138 Viva €1 13s vivd (*3w03) ot 135 Viva
d 1 d 1 d 1 d 1 -] 1
(PonurIuoD) U FSINVONVN JO ALIAILISISHN TVOIYLIA1A FHL NO VIVA IVINININAAXA "9 WIGVL

[P




4. ACKNOVWLEDGMENTS

This work was supported by the Office of Standard Referenmce Data (OSRD) of
the National Bureau of Standards (NBS), U.S. Department of Commerce. The
extensive documentary activity essential to this work was supported by the
Defense Logistics Agency (DLA) of the U.S. Department of Defenss.

~ The authors wish to express their appreciation and gratitude to Dr. H. J.
White, Jr. of the NBS Office of Standard Reference Dats for his guidance, coop-

eration, and sympathetic understanding during the course of this work.




5. APPENDICES
5.1, Methods for the Measurement of Electrical Resistivity

At the Center for Information and Numerical Data Analysis and Synthesis
(CINDAS) of Purdme University, the experimental methods for the measurement of
electrical resistivity have been classified into various categories according
to a similar scheme used by CINDAS for the classification of methods for the
measurement of thermal conductivity [356, pp. 13a-25a). This classification
scheme of CINDAS is presented below. Note that the letters in parentheses fol-
lowing the respective methods are the code letter used in the ‘Method Used’
column of the Table of Measurement Information for indicating the experimental

methods used by the various authors,

M 0 £ he Measurement o e i Re

A. Steady-State kethods

1. Voltmeter and ammeter direct reading method (V) [357, p. 159; 358, pp.
244-5]

i. Direct-current potentiometer method (A) [359, pp. 151-8]
a. 4-probe potentiometer method

3. Direct-current bridge methods (B) [359, pp. 144-51)
a. Kelvin double bridge method
b. Mueller bridge method
¢. VWheatstone bridge method

4. Van der Pauw method (P) [360,361)
5. Direct heating method (K) [362,363]
B. Non-Steady-State Methods

1. Periodic current method
a. Direct conmection to sample

(1) Alternating-current potentiometer method (C) (359, pp. 161-2]
(2) Alternsting-current bridge method (D), (359, p. 162])

b. No connection to sample

(1) Rotating magnetic field method (R) [364]
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5.2. Conversion Factors for the Units of Electrical Resistivity

The recommended values and experimental dsta for the electrical resis-
tivity tabulated in this work are in the units: 10‘-8 2 m. Conversion factors
for the units of electrical resistivity, which may be used to convert the

values given in (10-8 0 m) to values in other units, are given below.

c ion Fact for the Units of Electrical Besistivit
Multiply the Value

Units to be Converted to Given in (108 0 =) by

ohm-meter (R m) 1x 10-8

ohm-centimeter (2 cm) 1x 10-6

okm-inch (@ in.) 3.937 x 1077

ohm-foot (0 ft) 3.281 x 1078

microohm—centimeter (p0 com) 1

abohm-cent imeter (abQ cm) 1x 103

statohm-centimeter (statQ cm) 1.113 x 10-18

enu (= abQ cm) 1x 103

esu (= statQ cm) 1,113 x 10_18

ohm-circular mil per foot (8 cmil ft-l) 6.015

Example: 1.000 x 1078 0 » = 3.937 x 10”7 Q in..
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